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An unusual spontaneous pseudorevertant of an Escherichia coli strain carrying the signal sequence point
mutation malE14-1 was characterized. The suppressor mutation, malE2261, resulted in a single substitution of
an aspartyl residue for a tyrosyl residue at position 283 in the sequence of the mature maltose-binding protein.
The precursor retained the malE14-1 point mutation in the signal sequence. The pseudorevertant carrying both
maLE14-1 and malE2261 exported twice the amount of maltose-binding protein as that of the mutant carrying
the malE14-1 allele alone but only 18% of the amount exported by a strain producing wild-type maltose-binding
protein. A strain carrying the suppressor allele malE2261 in combination with a wild-type signal sequence
exported normal quantities of maltose-binding protein to the periplasm. Mature Ma1E2261 had a Kd for maltose
of 27 ,uM, compared with 3.6 ,IM for mature wild-type maltose-binding protein. The precursor species than
contained both changes resulting from maLE14-1 and malE2261 was significantly less stable in the cytoplasm
than was the precursor containing only the change encoded by malE14-1.
All hypotheses describing the molecular mechanism of
protein export emphasize the critical role of the signal
peptide in the export process (12, 25, 26, 30, 32, 41, 42). The
signal peptide of the periplasmic maltose-binding protein
(product of the malE gene) displays features that are com-
mon to signal peptides of proteins exported by Escherichia
coli: basic amino acid residues are located at the amino
terminus of the peptide and are followed by a stretch of
hydrophobic and neutral amino acid residues (29, 40). The
processing site, Ala-Leu-Ala, conforms to the consensus
sequence for cleavage of precursors of exported proteins:
alanine is located in positions -3 and -1 relative to the site
of proteolytic cleavage (29, 38, 39).
Mutations that alter the signal peptide of maltose-binding
protein often decrease the efficiency of export and cause the
precursor form of maltose-binding protein to accumulate in
the cell (2, 3). Both intragenic and extragenic suppressors (of
such signal peptide mutations) that restore export to various
degrees have been isolated (1, 11, 35). Of the intragenic
suppressor mutations characterized, most alter the mutated
signal peptide to increase its overall hydrophobicity (1, 2,
35). Three intragenic second-site mutations that change
amino acid residues in the mature protein have been isolated
as suppressors of the signal sequence mutation malE19-1.
One of these suppressor mutations changes glycine 19 of the
mature protein to cysteine, and the other two change the first
amino acid residue; in one, lysine is replaced by threonine,
and in the other, lysine is replaced by asparagine (35).
Two intragenic revertants of the signal sequence mutation
malE14-1 having second-site mutations within the signal
sequence have been isolated and described previously (35).
This paper reports a third phenotypic revertant of malE14-1
that retains the original mutation in the signal sequence and
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has a second mutation that changes amino acid residue 283,
near the carboxy terminus of the mature protein. The single
amino acid change, in addition to suppressing the export
defect, also significantly decreases the rate of migration of
the protein during sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.
MATERIALS AND METHODS
Bacterial strains. All experimental strains used were
isogenic derivatives of E. coli K12 strain MC4100: F-A
1acU169 araD139 rpsL150 thiflbB5301 deoC7ptsF25 reLA1.
The strain carrying the signal sequence point mutation
malE14-1 has been described previously (6) and is a deriva-
tive of strain MC4100.
Isolation of strain PR2261. Strains carrying malE14-1 grow
poorly on maltose. The isolation of Mal' revertants of a
malE14-1 signal sequence mutant by an enrichment tech-
nique has been described previously (35). The parental strain
carrying malE14-1 was grown to high cell density in M63
minimal medium (27) containing maltose (0.4%) as the sole
carbon source. The bacteria were then subcultured in the
same growth medium. By repeating this process, revertants
better able to use maltose were obtained. Such revertants
were identified by their lighter shade of red on tetrazolium
indicator agar containing maltose. The revertants that car-
ried mutations in malE were identified with the generalized
transducing phage P1 (27). The malE gene from one such
strain that contained both the original mutation and an
intragenic suppressor mutation was introduced into a strain
of MC4100 that carried a malE deletion via phage P1
transduction. The transductant was designated strain
PR2261.
Construction of strain PR2257. The introduction of a
region encoding the wild-type signal sequence in cis to the
suppressor mutation of malE14-1 was accomplished by a
two-step procedure. Strain PR2261 was lysogenized with
phage A malE lacZ62-37 (4). This phage carries a truncated
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malE gene encoding only the signal peptide and the first 23
amino acids of the mature maltose-binding protein that is
fused in frame to the lacZ gene (15). Since this phage was
AattP and PR2261 was Alac, lysogeny was mediated by a
homologous recombination event involving malE sequences
(3). A single recombination event that occurred in the region
of DNA lying between the chromosomal malE14-1 mutation
and the malE-lacZ fusion joint on the phage resulted in a
lysogen harboring a prophage that contained the malE14-1
mutation cis to the malE-lacZ fusion joint, and adjacent to
the prophage, the intact malE gene contained a region
encoding a wild-type signal cis to the suppressor mutation
malE2261. Such lysogens were identified by their intense
blue colony morphology on M63 minimal medium containing
glycerol (0.4%) and 5-bromo-4-chloro-3-indolyl-,-D-galac-
topyranoside (100 p,g/ml) (27). The polypeptides produced
by the lysogen were immunoprecipitated and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
to demonstrate that the recombination event resulted in
placement of a wild-type signal sequence on the altered
mature species. As expected, the exported mature protein
migrated with the aberrant molecular weight characteristic
of MalE2261. The intact malE allele containing the suppres-
sor mutation malE2261 was moved from the lysogenic back-
ground into MC4100 AmalE by P1 transduction. The strain
isolated for characterization was designated PR2257.
Growth conditions, media, and pulse-labeling. Exponen-
tially growing cells were prepared by growing the cultures in
LB medium (27) overnight at 35°C. The cells were diluted
1:10 into M9 minimal medium containing 0.4% glycerol and
grown to a density of 5 x 108 cells per ml. This culture
served as an inoculum for growth in M9 minimal medium
containing 0.4% glycerol and 0.4% maltose. Cultures were
aerated by being shaken at 200 rpm at 35°C.
To label with 35S for measuring the kinetics of export, cells
grown to a density of 5 x 108 cells per ml were transferred to
a flask containing 33 ,uCi [35S]methionine (1,000 Ci/mmol;
New England Nuclear Corp.) per ml of culture and enough
nonradioactive methionine to bring the final concentration to
9 x 10-8 M. At 25 s, 25 ,ul of nonradioactive methionine
(10-4 M) was added per ml of culture. Samples were
removed at designated times and processed immediately.
DNA sequencing. A X h80 malE2261 transducing phage
was obtained from a PR2261 X h80 malB lysogen exactly as
has been described previously for other Mal' revertants of a
malE signal sequence mutant (1). DNA carrying the wild-
type malE allele was obtained from pBAR43 (34) by conven-
tional methods (23). DNA was sequenced by the dideoxy
method (36). DNA primers were synthesized by phosphite
triester chemistry (5) with a Pharmacia Gene Assembler or
were purchased from New England BioLabs, Inc.
Purification of maltose-binding protein, limited proteolysis,
and protein sequencing. Osmotic shock fluid obtained from a
strain carrying either the malE+ or malE2261 allele was
applied to a cross-linked amylose column. Maltose-binding
protein was eluted from the column with 10 mM maltose as
described previously (14). Each species of purified maltose-
binding protein was subjected to limited proteolysis carried
out in a sodium dodecyl sulfate-polyacrylamide gel. A solu-
tion containing 1.25 ,ug of Staphylococcus aureus V8 prote-
ase in sample buffer was applied to a 6-cm sample slot.
Electrophoresis was carried out only until the sample had
just entered the stacking gel below the sample slot. Maltose-
binding protein (3 nmol) in sample buffer was then applied to
the sample slot, and electrophoresis continued until that
sample had also entered the stacking gel. Electrophoresis
was again stopped to allow proteolysis of the maltose-
binding protein in the gel. After 40 min, electrophoresis was
resumed and the peptides were separated as described
previously (31).
Peptides to be sequenced were eluted from the polyacryl-
amide gel by electrophoresis at room temperature as de-
scribed by Hunkapiller et al. (18), except that elution of the
peptide into the recovery area was through a 1% agar plug.
Coomassie blue and sodium dodecyl sulfate were removed
from the peptide by an ion-pair extraction procedure (19).
The isolated peptides were subjected to automated sequence
analysis with a Beckman model 890C sequencer in the
presence of polybrene (Pierce Chemical Co.) by the method
of Edman and Begg (10) with the Quadrol program of Brauer
et al. (7). Phenylthiohydantoin derivatives of amino acids
were identified by reversed-phase high-pressure liquid chro-
matography with two complementary systems (13, 16). The
sequence of the first five amino acids of the mature protein,
MalE2261, was determined with an Applied Biosystem 470A
gas-phase microsequencer and on-line automated high-pres-
sure liquid chromatography.
Osmotic shock procedure. Shock fluid was prepared from
1.5 liters of E. coli MC4100 and PR2257 grown to late log
phase in M9 medium containing 0.4% maltose. The cells
were harvested, washed, and subjected to osmotic shock by
the procedure of Heppel (17). The shock fluid containing the
periplasmic proteins released from the cells was concen-
trated by ultrafiltration through an Amicon membrane filter
(PM10). The fluid was either used to purify the maltose-
binding protein or dialyzed overnight at 4°C against a buffer
containing 10 mM Tris (pH 7.3), 2 mM MgCl2, and 3 mM
sodium azide for use in the maltose-binding assay.
Maltose-binding assay. Equilibrium dialysis (37) was used
to determine the affinity of maltose-binding protein for
maltose. Samples (0.1 ml) of concentrated osmotic shock
fluid (approximately 2.2 mg of protein per ml) were placed in
EDTA-washed dialysis tubing and dialyzed at room temper-
ature for 16 h against 5 ml of [14C]maltose in 10 mM Tris (pH
7.3)-2 mM MgC1-3 mM NaN3. The concentration of
maltose ranged from 0.3 to 70 ,uM. The concentration of free
maltose at equilibrium was determined by measuring the
radioactivity present in a sample of the solution outside the
dialysis tubing, and that of bound maltose was determined
by the difference in radioactivity between samples from
inside the tubing and from the solution outside the tubing.
The Kd for maltose was calculated by the method of
Lineweaver and Burke (20).
Other techniques. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (31), autoradiography (31), and immuno-
precipitation (33) have been described previously. The con-
centration of protein in solution was determined by the
method of Lowry et al. (21). Relative quantities of protein
separated on polyacrylamide gels were determined by den-
sitometric tracing (with an Helena Laboratories Quick Scan)
of protein bands stained with Coomassie blue for nonradio-
active samples or, for samples labeled with [35S]methionine,
by densitometric tracing of autoradiographs. Since three of
nine methionines are in the signal peptide, the radioactivity
recovered from the precursor labeled with [35S]methionine,
as determined from the densitometric tracing, was adjusted
to allow direct comparison with the radioactivity recovered
from labeled mature maltose-binding protein. The standards
used for determination of molecular weights were as follows:
P-galactosidase, 116,200; phosphorylase b, 97,400; glutamic
dehydrogenase, 55,500; actin, 41,700; carbonic anhydrase,
28,700; myoglobin, 17,200; and cytochrome c, 12,400.
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FIG. 1. Nucleotide sequence and corresponding deduced amino acid sequence of the signal peptide of maltose-binding protein. The
processing site and the alteration resulting from the mutation malE14-1 are indicated.
RESULTS
Suppression by a second mutation, malE2261, of export
defect caused by signal sequence mutation maLE14-1. The
export-defective maltose-binding protein encoded by
malE14-1 has an altered signal sequence; glutamate is sub-
stituted for alanine at residue 14 (Fig. 1) (6). A selection for
phenotypic suppressors of this mutation yielded two second-
site mutations, described previously (35), that altered the
signal sequence to render it more efficient in export. In the
same selection (see Materials and Methods for details), a
third intragenic suppressor, designated malE2261, was iso-
lated and is described here. The strain carrying both muta-
tions malE14-1 and malE2261 (PR2261) produced
polypeptides that could be immunoprecipitated from whole-
cell extracts with a serum specific for maltose-binding pro-
tein. However, analysis of these polypeptides by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis revealed
that the apparent molecular masses of both the precursor
and mature forms were approximately 1,000 daltons greater
than those of the corresponding products of malE14-1 and
wild-type malE (Fig. 2). Since the mature forms of the
polypeptides produced by the suppressor and wild-type
strains differed in apparent molecular weight, it appeared
that the alteration responsible for the change in electropho-
retic migration was not located within the signal peptide.
However, it was possible that the change resulting in sup-
pression of the export defect was different from the change
responsible for the altered molecular weight. Therefore, the
complete nucleotide sequences of both malE14-1 malE2261,
and the wild-type gene were determined and compared. A
single base substitution in addition to the original malE14-1
mutation was found: G replaced T in the codon specifying
amino acid residue 283 of the mature sequence, resulting in
replacement of a tyrosyl residue by an aspartyl residue (Fig.






FIG. 2. Products of different malE alleles. Each strain was
labeled for 15 min with [35S]methionine, and the products of the
malE gene were immunoprecipitated and analyzed by sodium dode-
cyl sulfate-polyacrylamide (12%) gel electrophoresis and autoradi-
ography. Alleles carried by the strains (and the apparent M, of the
products) were as follows: 1, malE14-1 (p [precursor], 41,000; m
[mature], 38,500;); 2, malE14-1 malE2261 (p, 42,000; m, 39,500).
The positions of wild-type precursor and mature maltose-binding
protein are identical to those for the malEJ4-1 products.
sequence or the stop codon. The sequence determined for
the wild-type protein was in complete agreement with the
published sequence (9). Thus, the single amino acid substi-
tution at position 283 of maltose-binding protein must ac-
count both for the aberrant migration of the protein during
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and for the enhanced efficiency of export.
Characterization of the polypeptide was undertaken to
confirm the change in the amino acid that was predicted from
the nucleotide sequence. Even when the mutation malE2261
was present to suppress the signal sequence mutation
malE14-1, the strain contained only a low level of mature
maltose-binding protein in the periplasm (see below). Deter-
mination of the sequence of the first five amino acids of this
mature protein indicated that processing had occurred at the
normal cleavage site. To obtain quantities of the mature
protein sufficient for further protein chemistry, a strain was
constructed in which the DNA encoding the mature portion
of maltose-binding protein retained the malE2261 mutation,
but the DNA encoding the mutated signal sequence (malE14-
1) was replaced by the wild-type DNA (see Materials and
Methods). Thus, the hybrid gene should produce a polypep-
tide having the normal signal sequence and the substitution
of aspartate for tyrosine at residue 283 of the mature
sequence. As expected, both the precursor and mature
forms of maltose-binding protein that could be im-
munoprecipitated from this strain (PR2257) migrated with
the same apparent molecular weight as that of the corre-
sponding proteins produced by strain PR2261 carrying both
malE14-1 and malE2261.
Mature maltose-binding protein produced by strain
PR2257 and the wild-type mature maltose-binding protein
were purified by affinity chromatography (see Materials and
Methods) and subjected to limited proteolysis. Comparison
of the peptide patterns generated revealed that at least two
peptides that had been derived from the mutant protein
migrated more slowly than did two corresponding peptides
from the wild-type protein (Fig. 4). Thus, these peptides
280 285
Lou Glu Aen Tyr Lou Lou Thr Asp
CTC GAA AAC TAT CTG CTG ACT GAT
G
Asp
FIG. 3. Alteration in maltose-binding protein resulting from the
suppressor mutation malE2261. The numbers indicate amino acid
residues of maltose-binding protein, taking the amino-terminal res-
idue to the mature species as +1. The base substitution and the
corresponding amino acid change found in the suppressor species
are indicated by the arrow.
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FIG. 4. Peptide patterns generated by limited proteolysis of
mature wild-type MalE and MalE2261. Each protein was purified by
immunoprecipitation and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis from the appropriate strain that had been labeled
with [35S]methionine. The proteins were subjected to limited
proteolysis with S. aureus V8 protease (with 0.125 ,ug of protease in
the 6-mm sample slot), and the peptide fragments formed were
analyzed by sodium dodecyl sulfate-polyacrylamide (15%) gel elec-
trophoresis and autoradiography. Lanes: 1, wild-type MalE; 2,
Ma1E2261. The arrow indicates the position of the peptide that was
purified and sequenced. The standards were myoglobin (17.2) and
cytochrome c (12.4).
were expected to contain the mutational change. The peptide
from the mutant with an apparent Mr of 10,000 was isolated
by electroelution from a sodium dodecyl sulfate-polya6ryl-
amide gel similar to that shown in Fig. 4. The sequence of the
first 34 amino acid residues was determined. Comparison of
the sequence of the peptide with the amino acid sequence
deduced from the nucleotide sequence (Fig. 3) indicated that
the peptide began with asparaginyl residue 282. The amino
acid sequence of the peptide differed from the wild-type
sequence at position 283, where aspartate was found in place
of tyrosine, as was predicted from the nucleotide sequence
of the suppressor mutation malE2261.
Properties of altered maltose-binding protein. The strain
that produces maltose-binding protein with a defective signal
sequence (encoded by malEJ4-1) grows slowly on maltose as
a sole carbon source. The slow growth can be explained by
the low level of maltose-binding protein found in the peri-
plasm (24). Under the growth conditions used in these
studies, the quantity of mature MalE14-1 protein found in
the'periplasm in the steady state, as determined by densi-
tometric tracing of bands stained with Coomassie blue, was
8% of the amount exported by a strain carrying wild-type
malE. As expected, the strain (PR2261) carrying a second-
site mutation (malE2261) that suppressed the defect in
growth on maltose produced an increased amount of mature
maltose-binding protein (18% of the amount observed in a
strain carrying the wild-type allele). The mature MalE2261
protein that was produced appeared to be properly localized
to the periplasm, because it could be released from cells by
osmotic shock. The precursor form remained cell associated
both when cells were submitted to osmotic shock and when
they were converted to spheroplasts (data not shown).
Affinity for maltose of naltose-binding protein MalE2261. It
was reasonable to assume that the mature protein MalE2261
found in the periplasm could bind maltose, since the
malE2261 allele was selected as a suppressor of the mutation
malE14-1, based 'on the increased ability of the strain to
utilize maltose. To confirm this 4ssumption and to determine
whether the amino acid change had a drastic effect on the
conformation of the m-ature protein, the Kd of the protein for
maltose was determined. In the conditions used here (see
Materials and MethQds), the Kd of the wild-type protein for
maltose was 3.6 ,uM, in agreement with published values
(37), and the Kd of the MalE2261 binding protein was 27 ,uM.
Since the concentration of maltose was 10 mM in the growth
medium routinely used, both species. of maltose-b'inding
protein would be saturated with maltose.
Kinetics of export. The kinetics of export of maltose-
binding protein that carries the defective signal, MalE14-1,
was determined and compared with the kinetics of export of
the binding protein, MalE2261, that has a change at residue
283 in addition to the altered signal (Fig. 5 and 6). Newly
synthesized polypeptides were labeled by addition of
[35S]methionine to exponentially growing cultures,'which
was followed 25 s later by addition of an excess of nonra-
dioactive methionine. Incubation of the culture was contin-
ued, samples were withdrawn at the times indicated (Fig, 5
and 6), the maltose-binding protein was immunoprecipitated
from cell extracts, and the distribution of radioactivity
between precursor and mature forms was assessed by a
combination of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis arnd autoradiography. The rate of maturation
of the polypeptides was similar for both MalE14-1 and
Ma1E2261 (half-life of approximately 5 min) arld drastically
decreased relative to the maturation of the wild-type precir-
sor (half-life 'of <30 s). In strains that produced wild-type
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FIG. 5. Kinetics of export of maltose-binding protein in a strain
carrying signal sequence mutation malE14-1. Cultures growing
exponentially were labeled with [355]methionine (pulse-libeled for
25 s). An excess of nonradioactive methionine was added, and
incubation continued. At the times indicated, samples were with-
drawn and the quantities of radioactively labeled precursor and
mature maltose-binding proteins were determined as described in
Materials and M,ethods. For calculation of the percent labeled MalE
present in a given form, the total MalE product (precursor and
mature species) recovered at 1 min was taken as 100%
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after the labeling period, indicating that export wi
complete. By contrast, in the strains producing
proteins, conversion of the radioactive precui
mature form ceased after 10 min, even though
amounts of the precursor species remained in th
constant amount of radioactivity recovered bet,
30 min in the precursor form of MalE14-1 with
signal (Fig. 5) indicated that this species wa
component of the cytoplasm. This conclusion is
by the fact that the steady-state distribution of pr
periplasmic mature protein determined from qu
of stained bands on sodium dodecyl sulfate-poly
gels was essentially the same as the distribution
tivity at 30 min. The mature form accounted for
and 10% of the maltose-binding protein in the cc
The presence of the second alteration at p
changed the stability of the polypeptide. The tota
radioactivity recovered as precursor and matui
MalE2261 decreased over the course of the expei
6). The precursor species that contained both
changes disappeared without an accompanying
the mature species. Thus, the precursor form ap
degraded by intracellular proteases. There was t
the precursor that remained stable in the cell.
state, as calculated from Fig. 6, 53% of the prote
synthesized was still present in a ratio of precursc
of approximately 1.7:1. It should be noted that if
of mature maltose-binding protein in a given
expressed as a percentage of the total maltose-b
tein (precursor and mature) present in that straii
state, then the degree of suppression effected by
at position 283 would be overestimated (38% o
present was mature, compared with 8% mature f
1). In fact, there was only a 2.5-fold increase in 1
of protein that was exported, since 47% of the
protein produced was degraded.
When the defective signal sequence was rep
wild-type sequence, the substitution of aspartate
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FIG. 6. Kinetics of export of maltose-binding prote
carrying both the signal sequence mutation malEl
suppressor malE2261. The experiment was performed






The protein was completely and rapidly (half-life of <30 s)
exported to the periplasm.
DISCUSSION
veen 10 and The mutation malE14-1 causes an alteration in the signal
the altered peptide of maltose-binding protein that renders it defective
as a stable in mediating export (6). It has been shown previously that
; reinforced strains producing this mutated form of the protein have
ecursor and approximately 5% of the normal amount of mature maltose-
iantification binding protein in the periplasm (24) and grow only slowly if
'acrylamide maltose is the sole carbon source. A strain carrying a second
of radioac- mutation within malE that suppressed this growth defect was
r between 8 isolated, and this suppressor mutation was identified as a
ell. change in the mature sequence of the tyrosyl residue at
iosition 283 position 283 to an aspartyl residue. The enhanced ability of
tl amount of the strain to utilize maltose was correlated with an increase
re forms of in the amount of mature maltose-binding protein in the
riment (Fig. periplasm. The mature protein produced in the strain carry-
mutational ing the original mutation malE14-1 was present at 8% of the
increase in wild-type level, whereas in the strain with both the original
)pears to be and suppressor mutations, 18% of the normal amount of
a portion of mature maltose-binding protein could be found in the peri-
At steady plasm. Manson et al. (24) showed that 9% of the wild-type
-in that was level of maltose-binding protein is required for transport to
)r to mature proceed at half the maximal rate. When the content of the
the amount binding protein is increased to 23% of the normal wild-type
strain were amount, transport proceeds at 90% of the maximal rate.
)inding pro- Thus, assuming that the rate of transport of maltose limits
n at steady- growth, the increase from 8 to 18% of the normal amount of
the change maltose-binding protein caused by the suppressor mutation
f MalE2261 would restore normal growth on maltose. Even though the
for MalE14- Kd for maltose of the altered protein was 27 ,uM, compared
the quantity to 3.6 ,uM for the wild-type protein, both species would be
MalE2261 saturated with maltose and would be expected to function
equally well in transport at the high maltose concentration
)laced by a (10 mM) in the growth medium.
for tyrosine It is not clear how an alteration in the mature portion of
on export. maltose-binding protein overcomes a defect that is caused by
a change in the signal peptide. One possibility is that the
signal and the mature portion of the protein interact directly
during export. The change in the signal peptide would
destroy the interaction, and a compensatory change in the
mature portion would restore it. It has been proposed that
maltose-binding protein contains an internal export se-
quence within the mature protein that plays a role in export
(2). If this were the case, then an alteration of the mature
sequence in such a signal might overcome a defect in export
by increasing the interaction of the internal signal with its
o putative receptor. However, the suppressor mutation iden-
tified here lies outside the region that is postulated to contain
the internal signal (amino acid residues 89 to 189). We favor
an interpretation in which the altered amino acid indirectly
* suppresses the defect in the signal sequence. It has been
v1 shown that maltose-binding protein is competent for export
only before it folds into its final stable tertiary conformation
6 ^ (33). If during normal export (i) the signal sequence mediated
interaction of the precursor with components of the export
apparatus that hindered folding and (ii) the mutational
change in the signal peptide disrupted this interaction, then a
50 60 simple explanation for the restoration of export by a change
in the mature sequence would be as follows: such a change
-in in a strain would retard folding, thereby increasing the time during
14-1 and the which the precursor would be competent for export. The
as described precursor with the altered signal was a stable component of
the cytoplasm, whereas the polypeptide that had both the
J. BACTERIOL.
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altered signal and the change at residue 283 was degraded.
This observation supports the notion that the two species
attain a stably folded conformation at different rates.
In addition to improving the efficiency of export of the
polypeptide with the defective signal, the alteration of amino
acid residue 283 caused the polypeptides to migrate aber-
rantly during sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Similar cases of aberrant migration resulting
from single amino acid changes have been reported (8, 28).
The phenomenon may be explained by the variation of
amino acid residues in their affinity for sodium dodecyl
sulfate. Thus, substitution of one residue for another could
alter the quantity of detergent that a polypeptide binds. Of
the amino acids, aspartate has the lowest affinity for sodium
dodecyl sulfate (22); therefore, substitution of aspartate for
tyrosine might decrease the amount of sodium dodecyl
sulfate bound to the polypeptide, resulting in slower migra-
tion during electrophoresis.
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